
-135- 

Not f o r  Publ ica t ion  
Presented Eefore the  Division of Gas and Fue l  Chemistry 

American Chemical Soc ie ty  
Boston, Hassachusetts, Meeting, Apr i l ' s -10 ,  1959 

X-K4Y ANALYSIS OF ELECTRODE BIND= Pll'CiIES ANI.) THXIR COKES 

Sidoey S. Pollack and Leroy E .  Alexander 
IZellon I n s t i t u t e ,  P i t t sburgh  13, Pa. 

II~T30DGCT I O N  

The highly a r o m t i c  charac te r  of e lec t rode  binder p i t ches  permits them t o  be 
stuclied by tie ssJe s - ray  methcds which have previously been applied t o  carbon blacks (1)- 
The wide-angle s - ray  sca t t e r ing  pa t t e rns  a r e  s imi l a r  ( see  F igure  1) and show that both 
s u e s t a x e s  a re  b u i l t  up of pseudocrys ta l l i t es ,  o r  pa ra l l e l - l aye r  groups ( t o  be r e fe r r ed  
to.in t h i s  paper as c r y s t a l l i t e s ) ,  composed of graphi te - l ike  l aye r s  toge ther  with 

and t k  cokes of t hese  p i tches  are a l s o  found t o  have a sh i l a r  f i n e  s t ruc tu re  (Figure 
1). iill those mterials, t i e n ,  are composed p r inc ipa l ly  of graphi te - l ike  l aye r s ,  
SDZB of tinich e r e  arranged t u r b o s t r a t i c a l l y  ( 2 )  i n  c r y s t a l l i t e s  and some of which are 
umssocia ted .  
ganizsd Iraterial ,  by & and & t h e  dimensions of t h e  c r y s t a l l i t e s  respec t ive ly  paral- 
le1 a n i  noma1  t o  tine cons t i tuent  layers ,  by g1.1 t he  i n t e r l a y e r  spacing, by & t h e  effec- 
tivs nmber  of l aye r s  i n  the c r y s t a l l i t e ,  and by a, $, 3, etc. ,  the ireight f r a c t i o n s  
of graghite-l ike l aye r s  respec t ive ly  unassociated, a s soc ia t ed  i n  groups of two, assoc i -  
a ted .  i n  groups of three, etc. 

\,"..--<-,7 uLy eEouits of disorganized material .  The quinoline so luble  and inso luble  f r a c t i o n s  

, 

I n  t i e  ensuing discussion we s h a l l  denote by 2 t h e  f r a c t i o n  of d i so r -  

Th.2 degree of physical  heterogeneity of a spechen ,  whether it be due t o  t h e  
presence of pz r t i c l e s ,  pores i n  s o l i d  matter, o r  d i s c r e t e  regions d i f f e r i n g  i n  density,  
i s  revealed bj x-ray s c a t t e r i n g  a t  small angles.  I n  favorable  cases something can be 
learced  about t h e  shape and s i z e  d i s t r i b u t i o n  of t he  p a r t i c l e s ,  o r  o ther  e n t i t i e s ,  
Froducing t h e  sca t t e r ing .  I n  t he  present inves t iga t ion  we have employed t h e  theory  . . 
of x-ray sca t t e r ing  by dense systems which ?&s developed by Kratl;y (13), Porod (161, 
arid coxorkers ( 9 ) .  

For c l a r i t y  t h e  wide-angle x-ray study w i l l  be presented f i r s t .  This p a r t  
of, the  paper w i l l  include a descr ip t ion  of improvements i n  t h e  experimental technique 
t h a t  have been edooted s ince  t h e  earlier repor t  (1) and numerical results f o r  four- 
t een  sar;lples, cozprising s ix  p i tches  and t h e i r  5750 C.cokes and a b e t a  r e s i n  and i t s  
575" C . coke. 
inves t igz t ion  of t h r e e  pitches,  t h e i r  quinoline so luble  and inso luble  f r ac t ions ,  t h e  
575" C. cckes o f  t he  pitches,  and a be ta  res in .  
be drawn concerning t h e  s t ruc tu re  of e lec t rode  binder p i t ches  end t h e i r  cokes i n  the 
l i g h t  of both t h e  wide- and small-angle x-ray findings.  

The second p a r t  'of t h e  paper w i l l  dea l  with t h e  small-angle sca t t e r ing  

F ina l ly  some general  conclusions w i l l  

bl IDE -UKGIE X-RkY ANALYSIS 

Improvements i n  Experinental  Procedure. Except for c e r t a i n  improvements 
t o  be described herewith, t h e  counter d i f f rac tomet r ic  technique emp1oyed.m~ t h e  same 
as that described previously (1). A s  explained 'oy Milberg (15) ,  i n  studying specinens 
which a r e  weakly absorbing t o  x-rays by the r e f l e c t i o n  technique, it I s  possible t o  
make s y s t e m t i c  e r r o r s  i n  neasyring i n t e n s i t i e s  i f  t h e  rece iv ing  s l i t  is too  narrow t o  
penai t  t he  de tec tor  t o  "see" t h e  e n t i r e  i r r ad ia t ed  v o l m e  of the  sample. 
study s x h  e r ro r s  were elircinated by re!novint? t h e  s c a t t e r  s l i t  of t h e  Norelco aoniom- 

In  t h e  present  

e t e r .  I n  1-lilberg's no ta t ion  
t h e  specinen dimensions were 

t h i s  Leans making a l a r g e  wi th  respec t  t o  A_. 
increased someyhat t o  permit i n t e n s i t i e s  t o  be measured 

Furthermore, 
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over the  angular range 28 
m. wide x 8 m. deep when used w i t h  a lo divergence sl i t  and 0.006-inch receiving 
s l i t .  

l 2 O  t o  1 4 4 O .  The sample dimensions were 31 mm. long x ll 

CuKa radiation of r a the r  high monochromatic character was obtained by using 
Ross balanced filters of nickel and cobalt (11,17). Satisfactory thicknesses were 
rea l ized  by varying them until both f i l t e r s  gave t h e  same transmitted intensity at  
the  wavelength of CUI@, 1.392 A , ,  vhile the  N i  f i l t e r  absorbed approximately 5 6  of 
C W ,  1.542 A. 
losses  of the Geiger counter and f o r  polarization i n  the usual way (1). 
o f  t h i s  corrected experimental curve (A i n  the notation of reference” (1)) t o  electron 
units was accomplished by fitting it t o  the  independent sca t te r ing  curve (B) of  car- 
bon a t  the  angle ( s i n  @ ) / A  - 0.505, a method suggested t o  one of the authors by P. B. 
Hirsch in a private communication. This method is jus t i f iab le  on the basis o f  calcu- 
l a t ions  by R. Diamond (4 )  o f  t h e  x-ray scattering by d iscre te  graphitic, or aromatic, 
l ayers  of various s izes  which demonstrate that the diffracted in tens i ty  is nearly in- 
dependent of t h e  l a y e r  dimension a t  t h i s  angle. As in the previous work the  carbon 
sca t te r ing  factors of McWeeny (14) were used; however, the values of the incoherent 
sca t te r ing  computed by Keating and Vineyard (10) were employed rather than the  ea r l i e r  
data  tabulated by Compton and Allison. 

The experimental counting ra tes  were corrected for resolving time 
Normalization 

In contrast t o  &he previous investigation (1) the present study has made use 
of the (U) rather than (10) line in  deducing the  mecp layer diameter 
l i tes .  
t he  r e l i a b i l i t y  of the independent sca t te r ing  curve of carbon is  undoubtedly greater 
at the  la rger  angle involved (2  - 0.84 ra ther  than 0.49, where E = 2(sin e)/d). 
as noted by Diamond ( b ) ,  the (g) sca t te r ing  function‘is less perturbed a t  t h i s  higher 
angle by the (004) interference f’unction since the  amplitudes of  its maxima decay 
rapidly with increasing order, becoming negligible as a general rule for  
t h i s  connection it may be mentioned that experience in t h i s  laboratory indicates t ha t  
values of derived from the  (10) l i n e  tend t o  be la rger  than those derived from the 
(ll) l i ne ,  although this does not invariably hold. 

mERPRETATIvB PROCEDURG AND RESULTS 

of the  crystal-  
F i r s t ,  There a r e  two reasons for t h i s  change in choice of (%) reflection. 

Second, 

> 4. In 

The several s t ruc tu ra l  parameters, 2, &, &, &, 3, and the  fractions 5, 
3, 9, etc., have been calculated from the  experimental in tens i ty  curves in much the 
same way as v8s done i n  t h e  last study. (1) As before, the (002) line prof i le  has been 
converted t o  the  symmetrical form I‘ by means of the proper choice of  2 in the equation 

I - D  
x-. 

0.0606 1 - D 
s2 I’ P - 

This  choice of 2 can be made d i r e c t l y  if equation (1 )  i s  f F r s t  converted t o  the form 

wherein I-J and & a r e  the experimental in tens i t ies  at two points 9 and 2 equi- 
d i s t an t  f romthe  point of maximum in tens i ty  and close t o  t h e  minima that l i e  on either 
s ide  of t he  (002) maximum. 
used if  the  maximum point falls very close t o  0.28. 

For example, the  angles 3 = 0.16 and ~2 = 0.40 may be 

dimension of the  c r y s t a l l i t e s  has been computed in tw vays (Table 
I): 
by Franklin (6) (see reference (l), equations (5) and (6));  second, from the width 
of the  (ll) prof i le  a t  half-maximum in tens i ty  using t h e  Scherrer c rys t a l l i t e  s ize  

The 
f irst ,  by using the  Warren equation for the  height o f  an (hk) prof i le  as applied 
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formula with an appropr ia te  value of t he  shape f ac to r ,  _K =' 1.84, (12,19) 

1.84 A 
4 =  w c o s e -  

(3 )  

Both these  methods of ca l cu la t ing  & make the impl i c i t  assumption that any'given 
specimen contains c r y s t a l l i t e s  with a s ing le  uniform & dimension. 
not as r e a l i s t i c  as a d i s t r i b u t i o n  of Diamond (5)  has r ecen t ly  described 
a least-squares method f o r  s e l ec t ing  t h e  most probable d i s t r i b u t i o n  of IS'S from t h e  
shape of an  (hk) p r o f i l e .  
through t h e  use of the e f f e c t i v e  number of layers ,  I&, which makes allowance f o r  t h e  
d i s t r i b u t i o n  of values; second, from t h e  width of t he  (002) band a t  half-maximum in- 
t e n s i t y  by means o f  t h e  Scher rer  c r y s t a l l i t e  s i z e  formuia 

Obviously t h i s  i s  
values. 

Also t h e  LC dimension has been computed i n  two mys: f i r s t ,  

0.9 A 
w cos 8 ' Lc = 

i n  which the shape f a c t o r  is  set equal t o  0.9. The second method does not take  account 
of t h e  d i s t r i b u t i o n  of values.  

The t r i a l - and-e r ro r  procedure described previously (1) was used t o  match t h e  
experimental and t h e o r e t i c a l  2' p r o f i l e  of t h e  (002) band. 
p i c tu re  of t h e  d i s t r i b u t i o n  of & v a l u e s  charac te r iz ing  each sample, which i s  t o  say, 
t h e  weight f r ac t ions  of graphi te - l ike  (aromatic) l aye r s  combined i n t o  c r y s t a l l i t e s  
composed of one l aye r  (a), two l aye r s  (G), t h ree  l aye r s  (g3),  etc. 
frequently leads  t o  r a t h e r  p rec i se  f i t t i n g  of the (002) proTile,  it does not mean that 
the  so lu t ion  i s  unique. I n  f a c t ,  a study of t h e  e f f e c t  of con t ro l l ed  va r i a t ions  Jgl, 
d T 2 ,  JD, etc., upon t h e  qua l i t y  of t he  f i t  obtained has shown that r a the r  l a r g e  
devia t ions  may be t o l e r a t e d  i n  a, 5, and 3 provided only  t h a t  they  a r e  mutually com- 
plementary (5 increased a t  t h e  expense of gs f o r  example). 
estimate of probable devia t ions  which apply t o  t h e  var ious  f's: 

This  process leads  t o  a 

Although this 

Th i s  l eads  to  t h e  following 

These l b i t s  should be kept i n  mind i n  comparing t h e  
sanples represented by histograms i n  Figure 2. These include six e lec t rode  binder 
p i tches  and t h e i r  cokes and a be ta  r e s i n  and i t s  coke. To emphasize the e f f e c t  o f  
coking at 575" C. on t h e  assoc ia t ion  of layers ,  t h e  coke histogram (broken l i n e s )  of 
each specimen has been superposed upon t h e  histogram of t h e  corresponding ucoked  
specimen ( s o l i d  l i n e s ) .  It is  evident  t h a t  coking results i n  an  increased degree of 
assoc ia t ion  of layers ,  t h e  histograms tending t o  extend t o  h igher  E ' s  w i t h  a decrease 
i n  t h e  f's a t  lower E'S. 
increases t h e  weight f r a c t i o n  of  s ing le  layers ,  a, and i n  o the r  cases decreases it. 

d i s t r i b u t i o n s  o f  t he  four teen  

It is  i n t e r e s t i n g  t o  note, however, t h a t  i n  sone cases coking 

Figure 3 compares t h e  2' (002) p r o f i l e s  of p i t c h  No. 3 and its coke. The 
g rea t e r  asymmetry of t h e  p i t c h  p r o f i l e  i s  t y p i c z l  of a l l  t he  specimens studied t o  varying 
degrees. 
spacing, ~JI. 
para t ive ly  f e w  l aye r s  baving l a r g e r  values of 3.i than those with more layers. Semi- 
quant i ta t ive  e f fo r t s  t o  determine t h e  upper and lower l i m i t s  on & r e s u t  i n  maximum 
values as l a r g e  as 4.0 A .  i f  t h e  minimum value of 3.44 A. proposed by Frankl in  (7 )  
f o r  disordered l aye r s  is accepted. The presence of a l i p h a t i c  ma te r i a l  muld a l s o  
cont r ibu te  t o  skewness of t h e  type observed, and t h i s  would r e s u l t  i n  ca lcu la ted  
values which a r e  too  small. Iiowever, t he  aromatic content of t h e  p i tches  s tud ied  i s  

It i s  probably t h e  consequence of a considerable v a r i a t i o n  in  the  in t e r l aye r  
The nature of t h e  skewness can be explained by c r y s t a i l i t e s  with com- 
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so  hi& as t o  eliminate t h i s  as  a subs tan t ia l  source of .error. 

It is not possible  t o  achieve a completely s s t i s f a c t o r j  m t c h i n g  of theo- 
r e t i c a l  and e x p r i n m t a l  p r o f i l e s  f o r  such skexed p r o f i l e s  on the basis o f  2. s k &  
value of a, 2s i s  dore i o  t h e  present scheffie of a u i l y s i s .  
mathematical complexities e r i s i n g  from the  use of a -Jariable %,I p a r m e t e r  a r e  63 greet  
as t o  exclude t h i s  approach in pract ice .  
- M d i s t r i b u t i o n s  deduced f o r  t i e  pi tches  a r e  sorzewhat l e s s  r e l i a b l e  thm those f o r  
t h e  cokes, which produce more s y m e t r i c a l  I' (CO2) prof i les .  

A t  t h e  same t h e  ?fie 

It is w e l l  t o  bear io mina, %ha, tkz the 

Table I l i s t s  the & and & dinensions of t h e  crjrs*%llites tcgether  w i t h  the  
parameters E,  9, and bfe, k-hich were described e a r l i e r .  
per  c r y s t a l l i t e  is  defined by 

The e f f e c t i v e  umber  of Lyrers 

and & is  then given by 

Lc = $1 Me = dM zf@ 
M 

I n  equation (6) & is computed from the 5 value corresponding t o  the point  o l  riaxhm 
i n t e n s i t y  of t h e  I' (002) p r o f i l e  using t h e  r, a l a t i o n  

It is t o  be emphasized that a s i n g l e  but d i f f e r e n t  experimental value of 
f o r  each specimen,. but t h a t  a s ingle  constant value of 3.52 A. 'cas &en a q i o y e i  ia the  
computation of a l l  the t h e o r e t i c a l  (002) p r o f i l e s  i n  order t o  keep the m t h e m t i z a l  
l abor  within bounds. 

is deri7;ed 

I n  Table I1 values  of t h e  "shape fac tor"  &/& have been ccffiguted f c r  the 
s i x  p i tches  and t h e i r  cokes as wel l  a s  f o r  the urcoked and coked beta  resin. Tkese 
r a t i o s  make use of 4 from the (ll) peak width and LC as derived frorr; (OC2) g r o f i l e  
matching, which a r e  considered t o  be> the most r e l i a b l e  vahes. 
w i l l  be seen that the layer  dimension & falls in  t h e  range 12-16 A. for both t h e  DitchPs 
and t h e  cokes, while t h e  c r y s t a l l i t e  "height" & l i e s  in  the range U - l k  A. f o r  the -Jitches 
but 16-19 A .  f o r  t h e i r  cokes. 
dinensions & and I,, (average &/L 
grow more rap id ly  along 2 than a Gor cokes the average h/& = 0.77). 

from 30 t o  5C$ of t h e  mass of both the pi tches  and t h e i r  cokes. 
higher than in carbon blacks uhere the usual limits a r e  betveen 10 a d  jj$ . It i s  
a l s o  somewhat surpr i s ing  t h a t  t h e  f r a c t i o n  of disorgmized matter i r i  p i tches  i s  not 
.appreciably l a r g e r  than i n  t h e i r  cokes. We may a e i n  note i n  t h i s  connection that 
t h e  presence of aliphatics would tend t o  r e s u l t  in an underestimation of 2. 

?roE t j e  t-a taS1es it 

Hence the p i tch  c r y s t a l l i t e s  have approx5mtely e q u i  
= l.O7), whereas when coking occurs t h s  c r y s t a l l i t e s  

From Table I it is seen that so-called " d i s o r p n i z e d  matter" cons t i tu tes  
This  is apprec iabu  

In order  t o  understand w h a t  disorganized matter mems we must renienber -chat 
a l l  x-ray interference e f f e c t s ,  both c r y s t a l l i n e  r e f l e c t i o n s  and amorphous halos ,  are 
t h e - r e s u l t  of x-ray s c a t t e r i n g  by pa i rs  o f  atoms separated by a frequent ly  encountered 
vector  d i s tance  or by systems of atoms arranged i n  a per iodic  fashion ( l a t t i c e s ) .  On 
t h e  other  hand a l l  interatomic vector  dis tances  o f  random, or very i r regular ,  lengtlns 

. r e s u l t  i n  continuous d i f f u s e  s c a t t e r  which is  part of the  background s c a t t e r  of the  
d i f f r a c t i o n  record. 
r e t i c a l  independent s c a t t e r  of i s o l a t e d  atoms, which is in te rpre ted  by E-e  present 
a n a l y t i c a l  method as  being due t o  disorganized material .  Therefore, disorgsnized 
matter c o n s i s t s  only i n  p a r t  of f ragnentary a g r e g a t e s  of carbon and other  atoms. A 

, 

It i s  this continuous s c a t t e r ,  indis t inguishable  froE the theo- 
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Table I. Crystallite S t ruc tu re  Parametsrs o f  S i x  Elec t rode  Binder 
P i tches  and a Beta Resin and Their 575" C. Cokes 

(W-F = Barren-Franklin ana lys i s )  - 

Estimated Prec is ion  
(probable devia t ion)  

1. Pi t ch  
Coke 

2. P i t ch  
Coke 

3. P i t ch  
Coke 

4. Pitch 
Coke 

5. Pi t ch  
Ccke 

6. P i tch  
Coke 

7. Beta r e s i n  
Beta r e s i n  coked 

- 
2 
- 
- +o .05 - 
0.44 
0.42 

0.39 
0.36 

0.48 
0.32 

0.44 
0.51 

0.44 
0.4j 

0.45 
0.45 

0.52 
0.38 

- 

- +l.5 

16.3 
17.1 

14.5 
14.2 

14.2 
10.8 

15.6 
20.0 

13.4 
18 .o 

10.4 
12.0 

23.8 
17.6 

& ( A * )  
(width) 

- +1.5 

13.2 
12 .o 

15 -3 
13.1 

13 e 5  
15 -3 

12 .I. 
12.4 

16.4 
14.1 

12.4 
13 e3 

13 *9 
14.8 

Lc (11.1 
( d i s t r i b  .) 

- 4 . 5  

14.1 
18.8 

12.7 
17.8 

13.5 
15 *8 

12.4 
17.3 

11.8 
18.1 

12.6 
15.4 

12 .O 
19.1 

14.3 
27.8 

13 -9 
26.4 

13.2 
22.5 

12.9 
22.5 

u.8 
24 -0 

13-2 . 
27.5 

12.5 
18.0 

$4 (Am) 

H, e 0 3  

3 -51 
3.48 

3 -52 
3.52 

3 -57 
3.47 

3-52 
3-50 

3.60 
3.47 

3-52 
3.50 

3*55 
3.55 

% 
- 
- +o .20 - 

4.03 
5.41 

3.60 

3.79 
4.56 

3 -51 
4.95 

3 -27 
5 -23 

3.59 
4.69 

3.39 
5 -39 

5 -05 

- 



T a b l e  11. Shapes of Crystallites 

(&/& = r a t i o  of diameter t o  he ight )  

Sample 
No. &/& of P i tches  

0.94 

1.20 

1.00 

0.98 

1.39 

0.98 

&/& of Cokes (575" C.) 

0.54 

0.74 

0.97 

0.72 

0.78 

0.81 

7 

Average 1.07 

Beta Resin 1.16 

0.77 

0.78 

, 



considerable,  i f  not major, paA cons i s t s  of o ther  atoms irregularly loca ted  with 
respec t  t o  t h e i r  nearer  neighbors. Ano"Aer way of saying t h i s  i s  t h a t  a l l  departures 
of the a tonic  arrangexent i n  t h e  sample from i d e a l i t y  ( i d e a l  g raph i t e  l a y e r s  assoc ia ted  
i n  a random laye r  l a t t i c e ) ,  which is  t o  say s t r u c t u r a l  imperfections,  w i l l  cont r ibu te  
t o  the  d i f fuse  bac'kground s c a t t e r  and be recognized i n  part as disorganized matter. 
Thus t h e  folloTring w i l l  be in te rpre ted ,  at least i n  pa r t ,  as disorganized matter: 
fo re ign  atoms (0, N, S, R, e tc . ) ,  va r i a t ions  i n  t h e  i n t e r l a y e r  spacing from whatever 
causes, buckling of t h e  l aye r s  due t o  poss ib le  non-aromatic character i n  ce r t a in  
regions,  holes i n  the aromatic layers ,  and t r a n s l a t i o n a l  i r r e g u l a r i t y  i n  the  s tacking  
of the l aye r s  one upon t h e  o ther .  J. R. Tomsend (18) has made t h e o r e t i c a l  s tud ie s  
which show quan t i t a t ive ly  t h a t  t h i s  kind of stacking d i so rde r  reduces the i n t e n s i t y  
of t h e  (002) band and a t  the same time cont r ibu tes  t o  t h e  d i f f u s e  background. 

\ 
\ 

'\ 

S.WJL-M?GE X-RAY ANALYSIS 

Emerimental  Procedure. The  x-ray sca t t e r ing  i n t e n s i t i e s  a t  smal l  angles 
were recorded aanual ly  using a General E l e c t r i c  XRn-5 d i f f r a c t i o n  apparatus equipped 
witn a pair of i d e n t i c a l  0.05" s l i t  co l l imators  (Type 4954BE) and argon propor t iona l  
counter tube  (Type A4952E). A s  i n  the wide-angle rreasurements, balanced n icke l  and 
cobal t  f i l t e r s  were used t o  provide x-ray i n t e n s i t i e s  of r e l a t i v e l y  high monochromatic 
character.  F igure  4 is a schematic drawing of t h e  apparatus with the rece iv ing  co l -  
limator (No. 2 )  set a t  t h e  0' 28 pos i t i on  so as t o  rece ive  the d i r e c t  beam t ransmi t ted  
by co l l imator  No. 1. The s_oecimen is  or ien ted  with i t s  sur face  normal t o  t h e  d i r e c t  
beam. It t u r n s  through an angle 0 8  about t h e  spectrogoniometer axis when t h e  receiving 
system t u r n s  t h r o w  an angle 2&, as i s  the usual arrangement i n  powcier diffractometers.  
Although t h i s  causes t h e  speciaen t o  be inc l ined  s l i g h t l y  when the small-angle s c a t t e r -  
i ng  is being recorded, t h e  x-ray absorption cor rec t ion  i s  not pe rcep t ib ly  changed 
because of t h e  small angles involved. Th i s  means t h a t  an  absorp t ion  cor rec t ion  need 
not b e  included i n  t h e  in te rpre ta t ior?  of t h e  i n t e n s i t y  data. The sl i ts  la, lb ,  2a, and 
2b a r e  of equal  dimensions, t h e  width being about 0.04 mn. and t h e  height being com- 
pa ra t ive ly  very l a r g e  and determined by t h e  separa t ion  of t h e  S o l l e r  p l a t e s .  
are sets of p a r a l l e l  p l a t e s  w i t h  a spacing chosen so as t o  l i m i t  t h e  v e r t i c a l  diver- 
gence t o  a t o l e r a b l e  amount. 

These 

The specimen powders were packed i n  a rec tangular  window 0.2 cm. t h i c k  by 
0.4 cm. wide by 1.58 cm. lon& i n  a b ras s  p la te ,  no binders o r  adhesives being used. 
In terns of t h e  specimen w e i g h t  2, volume v, and known s o l i d  dens i ty  &., the volune 
f r a c t i o n  of s o l i d  matter i s  then  

macro dens i ty  W 
c =  = - *  

ds  s o l i d  dens i ty  

The volume f r a c t i o n  of void space is, of course, 1 - 2. 
poin t  by poin t  from 28 = 0.04" t o  a maximum angle beyond which t h e  i n t e n s i t y  was too  
low t o  measure accura te ly  without p roh ib i t i ve ly  long counting t imes.  
angular  l i m i t  ranged froE 0.3" f o r  some p i tches ,  quinoline so luble  f r ac t ions ,  and t h e  
be ta  r e s in  t o  1.0' f o r  a l l  of t h e  quinoline insoluble f r ac t ions .  
s ca t t e r ing  curve was recorded ( a )  with N i  f i l ter ,  (b )  wi th  Co f i l t e r ,  and then w i t h  
specimen rellioved ( c )  wi th  N i  f i l t e r ,  and (d )  with Co f i l t e r .  
( c )  and (d) gives a measure of t h e  cor rec t ion  t o  be appl ied  f o r  p a r a s i t i c  s ca t t e r ing  
( s c a t t e r  due t o  sl i ts ,  air, and o ther  extraneous sources).  
t a ined  by multiplying t h e  d i r e c t l y  measured curve by t h e  absorp t ion  f a c t o r  character-  
i z i n g  t h e  p a r t i c u l a r  specimen being exaoined, exp (-,u&), where ,u i s  the l i n e a r  ab- 
sorp t ion  coe f f i c i en t  of t h e  sample and 4 is i t s  thickness.  
d i r e c t l y  obtained from the weight-to-area r a t i o  (wfi) of the  specimen by the  following 
t ransforna t ion :  

Counting r a t e s  were recorded 

This  upper 

For each specimen t h e  

The d i f fe rence  of  curves 

The cor rec t ion  curve i s  ob- 

The exponent ry; can be 

i 
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I n  t h i s  expression (p/&) is the mass absorpt ion c o e f f i c i e n t  of the specinen f o r  
x-rays and A_ i s  t h e  a r e a  of t h e  face  of t h e  specinen nornal t o  the  beam (0.4 x 1.56 = 
0.552 cm.* f o r  the specimen holder employed). The composition o f  each of '&e spechens  
was regarded a s  being lo@ carbon, l o r  qhicn ,u/& was assigced the  i-alue meas rea  
by Cbipnan, ( 3 )  4.15. 
t o  be analyzed uas obtained from t h e  severa l  Eeasurea curves as folloxs: 

Hence i n  tine present  s tudy pt = 7.52 w. The intensitgr curve 

I ( I N 1  - ko)s = ( I n i  - %o)I\;S exp ( -put ) -  

Here S = sample and NS = no sample. 

In te rpre ta t ive  Procedure and Results. For a lull e q l a r a t i o n  of +&e i n t e r -  
p r e t a t i v e  procedure the  reader i s  re fe r red  t o  t h e  paper by i6.hovec e t  al. ( 9 )  
and Fournet (8) have given a condensed account of t h e  theory a ~ d  r e q u i s i t e  e x p r b e n - a l  
conditions.  
avoided by employing s l i ts  of l a r g e  height-to-width r a t i o .  
account this experimental f e a t u r e  impl ic i t ly ,  (9,16) so that t h e  f o ~ u l a s  presenced 
herewith require  no modification f o r  the " s l i t  e f fec t" .  

Guinisr 

The necessity f o r  nuking cor rec t ions  f o r  f i n i t e  s l i t  height k s  been 
The theory takes  i n t o  

The f irst  s t e p  i n  t h e  ana lys i s  of  the i n t e n s i t y  curves is t o  coEpute t i e  
following quant i t ies :  

e = 1 ; s .  
0 

q = [Iyds . 
0 

a = lim ( 1 ~ ~ 1  . 
s *- 

In these expressions 5 E. ( 4 V s i n  0 ) / n ,  o r  4?f9/;1 s ince  0 is  very s&. 
that 2 is the integral sca t te red  i n t e n s i t y  over the e n t i r e  range or' appreciable  intensi ty .  
I ts  value cannot be determined accura te ly  i n  cases where i s  s t i l l  increasiog rapidly 
a t  the  lowest angle a t ta inable .  It can be shown t h e o r e t i c a l l y  #at t h e  s c a t t e r i n g  
curve must i n  a completely general  hay approach a s w p t o t i c a l l y  the h e  5-3 a t  higher 
angles,  so that i f  the curve i s  mult ipl ied by z3 a consAmt l i m i t i n g  value of 5 is 
reached. 
determine the  spec i f ic  surface of t h e  specinen. 
asymptotic value is not reached a t  angles f o r  which 2 is or' detectable  in tens i ty ,  in 
which event t h e  spec i f ic  surface cannot be determined aireczly.  A convenient my t o  
apply t h i s  i n i t i a l  c r i t e r i o n  i s  t o  p lo t  i n t e n s i t y  against 5 (or 28) on log-log paper 
and note whether a slope of  approx imte ly  -3 i s  reached a t ' t h e  highest  angles. This 
log-log p l o t  a l s o  reveals  something of t h e  ty-pe of s t r u c t u r e  02 t i e  c o l l o i d a l  syssem. 
A f l a t  mid-section means rod- or  p la te - l ike  p a r t i c l e s  r a t h e r  than a spher ica l  o r  
granular habi t ,  a s teeper  slope as the primary beam is  approached indicates  c lus te r ing  
Of p a r t i c l e s  i n t o  l a r g e r  aggregates,  while a decreasing slope as the  primary beam is  
approached denotes the presence of a considerable proportion of p a r t i c l e s  of r e l a t i v e l y  
S m a l l  Size.  If t h e  slope i s  uniformly c lose  t o  -3 t h r o q h o u t  t h e  reasurable  range, 
t h e  p a r t i c l e s  a r e  regarded as r a t h e r  uniform i n  s i z e  and approximately s p h e r i c d  i n  
shape. 

It i s  seen 

When t h i s  condition is experiroentally rea l ized ,  it becomes possible  t o  
For  sorce tmes of heterogeneity t h i s  

/ 
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If an asyinptotic slope of -j i s  reached a t  t h e  higher angles,  t h e  t o t a l  
sur face  area can be  computed i n  t e r n s  of t he  volume f r a c t i o n  of s o l i d  from 5 and 9 as 
follows : 

, o = 4vc (1 - c )  a/q , (12) 

f r o m  which t h e  s i r f a c e  i n  m.2 per of s o l i d  sample is 

i 
I! 

P 

0 a 
Oj: - 40,000 (1 - C) - , 

vc -. 9 

and t h e  spec i f i c  sur face  in m.* per  g. is 
.I 

40,000 (1 - c )  a asp = . 
dSq 

The t h e o r e t i c a l  expressions set f o r t h  by Porod, Kahovec, and assoc ia tes  a l s o  
The first is  l', t h e  s t r u c t u r e  number, defined 

f 5 ea/q2 . (15) 

include three o ther  u se fu l  quant i t ies .  
by 

Th i s  quant i ty  i s  q u a l i t a t i v e l y  a measure of the irregularity of t h e  c o l l o i d a l  sub- 
d iv is ion .  I n  a d i l u t e  system o f  i d e n t i c a l  spheres f is about 1/2. 
f luc tua t ions  in  p a r t i c l e  size,  and devia t ions  from sphe r i ca l  shape cause an increase  
i n  g, s o  that f o r  granular s t ruc tu res  i n  genera l  it i s  c lose  t o  uni ty .  S t i l l  l a r g e r  
- f ' s  i nd ica t e  pronounced departures from sphe r i ca l  shape. 

C lus t e r  formation, 

- 
The theory a l so  y i e lds  two length  parameters, A and AC. The f i r s t  is t h e  

inhoEogeneity length,  
- 

a 40,0O0/Or . 
I f  t n e  co l lo ida l  system is  imagined t o  be pierced by rays i n  a l l  d i r ec t ions  at  random, 
t h e  rays w i l l  be cu t  i n t o  d i f f e r e n t  lengths  by the d isperse  phase ( p a r t i c l e s  i n  void 
o r  holes i n  so l id ) .  The numerical average of t hese  lengths is &. 
parameter, A, is known as the  coherence l eng th  and is given by 

The second l eng th  

-Ic = 2e/q . (17) 

It is r e l a t e d  t o  t h e  s ize  and shape of t h e  p a r t i c l e s  as well as t o  their arrangement. 
In a d i l u t e  system of i d e n t i c a l  spheres & i s  equal  t o  314 of t h e  sphere d i m e t e r .  
Clus te r ing  of p a r t i c l e s  w i l l  cause an increase  i n  the value of A. 

quinoline insoluble (Q.I.) f rac t ions ,  and quinoline so luble  (Q.S.) f r ac t ions ,  and f o r  
a be ta  r i s i n .  Fi,pre 5 shows t h e  p l o t s  of log 2 aga ins t  l o g  28. 
i n t e rp re t a t ion  of the numerical data i n  Table I11 it is b e s t  t o  see w h a t  can be learned 
from the  curves. Perhaps the most obvious feature of t h e  curves is  t h e i r  s i m i l a r i t y  in 
shzpe. 
of e i t h e r  p a r t i c l e  c lus t e r ing  o r  the  presence of a s u b s t a n t i a l  weight f r a c t i o n  of 
much l a r g e r  pa r t i c l e s .  T h i s  is a conspicuous c h a r a c t e r i s t i c  of a l l  t h e  specimens 
except t h e  quinoline insoluble f r ac t ions ,  of which only one disp lays  t h i s  feature.  
The slopes of a l l  t he  curves tend t o  decrease continuously, although sometimes ir- 
regular ly ,  with increas ing  angle. 
ture from a sphe r i ca l  p a r t i c u l a t e  habi t .  F ina l ly ,  f o r  most o f  the spechens  the  Slopes 

Table I11 gives results f o r  t h r e e  e lec t rode  binder p i tches  and t h e i r  cokes, 

Before a t t e m p t b g  an 

With few exceptions they  slope upwards at t h e  lowest angles,  an ind ica t ion  

Bence t h e r e  i s  no ind ica t ion  of pronounced d e p r -  

4 
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Table 111. ball-Angle Sca t te r ing  Resul ts  f o r  Selected Smples  

f 
(value m e a  
i n  computirg 
- and 

- 

Pitches 
. No. 1 

No. 3 
No. 6 

Cokes 
No. 1 
No. 3 
No. 6 

a - 
(A,) 

Sca t te r ing  
Range 
( 1 

NO. 3 
NO. 6 

0.04-0.3 
0.04-0 -3 
0 . O b 0  -3 

0.04-0.6 
0 . O b 0  -7 
0.04-0 -6 

0.04-1.0 
0.04-1.0 

No. 3 
NO. 6 

Beta 
Resin 

0.04-0.j. 
0.04-0.4 

0 .04-0.3 

e 
( a r b i t r a r y  

u n i t s )  

- 

247 
373 
210 

749 
1600 
1046 

2939 
3632 
5333 

446 
230 
706; 

786 

f 
(value 
d i r e c t l y  
coinputed) 

- 

0.42 

0-4 j 
0 -39 

0.55 

0.45 
0 -43 

0.38 
0.54 
0.59 

0.34 
0.43 
0.42 

0.49 

542 
540 
545 

37.0 
36.3 
40.0 

39 -0 
34.7 
42.0 

1 

I 

J 



4 5 -  

become considerably l e s s  than -3 a t  t h e  l a r g e s t  angles, which means that in these in- 
stances the  surface areas w i l l  have t o  be estimated by an ind i r ec t  approach rather than 
determined d i r e c t l y  i n  termg of t h e  l imi t ing  value of 5 = z3. 
f o r  such cases that a reasonable value be assigned t o  
puted from it by means of equation (15). 
f o r  cokes 1, 3,-and 6 and Q.L. f r ac t ion  1, using an assigned f value of 0.60. 
corresponding and 
accurate than t h e  valueg f o r  &.I. f rac t ions  3 and 6. 

Kahovec e t  a l .  suggest 
and t h a t  a value of 8 be com- 

I n  Table 111 t h i s  method has been followed 
The 

values are therefore  t o  be regarded as estimates and less 

The observations j u s t  made a r e  i n  accord with the small values of f d i r e c t l y  
computed from t h e  expe rhen ta l  i n t e n s i t i e s  by means of equation (15). For &.I. f rac t ions  
3 and 6 the  l imi t ing  slope of the  l o g  I versus log  g3 curve i s  c lose  t o  -3, permitt ing 
dependable spec i f i c  surface values t o  be calculated using equation (14). For the  o ther  
samples the  slopes become -3 a t  intermediate angles and y i e l d  the  d i r e c t l y  computed f 
values given i n  Table 111, many of which are smaller than t h e  theo re t i ca l  minimum value 
of 0.50 t o  be expected f o r  an i d e a l  system of uniform spheres. 
values a r e  not unexpected since a slope of -3 a t  l a r g e  angles i s  not reached. A choice 
Of f = 0.60 seems reasonable as a bas i s  f o r  subsequent ca lcu la t ion  of a, a, and Os 
s ince  t h i s  i s  approximately the  value observed f o r  Q.I. f r ac t ions  3 and 6, which 
believed t o  be r e l i ab le .  The f a c t  that a l l  t he  d i r e c t l y  computed 2 ' s  a r e  in the 
neighborhood of 0.5 emphasizes w h a t  has been already infer red  from the  curves, that the  
pa r t i c l e  shape is  not far from spherical .  

These abnormally small 

It w i l l  be seen from Table I11 t h a t  t h e  amount of small-angle sca t te r ing ,  2, 
i s  l a rges t  f o r  t h e  &.I. f rac t ions ,  considerably less f o r  t h e  cokes, and very small f o r  
t h e  pitches and Q.S. f rac t ions .  This shows t h a t  t h e  &.I. samples a r e  most heterogeneous 
physically, t h e  cokes l e s s  so, and the  pitches and Q.S. samples r e l e t i v e l y  homogeneous. 
The weak small-angle sca t t e r ing  of the  lzst two materials can be in te rpre ted  i n  t w o  
bays. F i r s t ,  it may mean t h a t  t he  samples are very l a rge ly  s o l i d  continuums, without 
pores o r  pa r t i c l e s ,  but t h a t  a small portion of each sar.ple i s  e i t h e r  pa r t i cu la t e  o r  
cons is t s  of so l id s  w i t h  pores. 
so l id  without pores o r  pa r t i c l e s ,  but t h a t  t h e  so l id  continurn cons is t s  of regions of 
d i f f e r ing  density.  The latter explanation seems more reasonable in the case of pitches 
and Q.S. f rac t ions ,  bu t  since t h e  dens i t i e s  of the  hypothetical  consti tuent regions 
a r e  not known, it i s  not worthwhile t o  compute spec i f ic  sur face  values, which would 
necessarily r e s t  on extremely a r b i t r a r y  assumptions. 
surface could be computed i n  t h i s  way, it would have only a very ambiguous physical 
significance. I n  t h i s  connection it may be emphasized that small-angle sca t t e r ing  can- 
co t  d i f f e ren t i a t e  between p a r t i c l e s  i n  void and t h e  complementary case of pores in 
so l id .  Prec ise ly  complementary s t ruc tures  of these  two kinds would give iden t i ca l  
small-angle sca t t e r ing  patterns.  Likewise, the  spec i f i c  surface would be the  same i n  
both cases and i t s  determination unambiguous. 

Second, it may mean t h a t  t h e  samples are e n t i r e l y  

Even if an e f fec t ive  " in te rna l"  

One of t he  two length parameters, t he  coherence length  4 , is  computed 
d i r e c t l y  from t h e  in t ens i ty  in t eg ra l s  e and 9 (see equation (17 )yand  can be derived 
independently of the  -3 slope c r i t e r i o n  discussed above, Accordingly & has been 
calculated f o r  a l l  the  specimens i n  Table 111, whereas .e, t he  inhomogeneity length, 
and gsp, the  spec i f ic  surface, have been determined only f o r  t he  cokes and Q.I. 
f rac t ions .  
calculated from the  following "solid" dens i t ies :  
g.lcm.3 f o r  Q.I. f rac t ions .  

I n  deriving the  spec i f i c  surfaces, t he  values of 2 used have been those 
1.75 g./cm.s for cokes and 1.65 

Not only do t h e  x-ray r e s u l t s  ind ica te  an approximate-u spher ica l  habi t  f o r  
a l l  the  materials studied, bu t  t he  length parameters & and & and the  spec i f ic  sur- 
faces  a r e  surprisingly similar. This i s  s t r i k ing  i n  view of the  probable difference 
i n  character of t he  heterogeneity i n  cokes and i n  &.I. f r ac t ions .  Thus one may be 
predominently pa r t i cu la t e  whereas t h e  o ther  may be  nore r e t i c u l a r  (pores i n  so l id ) .  
Electron photomicrographs of the  &.I. f r ac t ions  confirm t h e  small-angle sca t te r ing  
r e s u l t s  by showing most of t h e  pa r t i c l e s  t o  be spherical ,  a considerable portion 



being l e s s  than 1000 A. i n  diameter and t h e  r e s t  much l a r & e r  on the  average. Most of 
t h e  cokes, however, are seen t o  c o n s i s t  of roughly equidinensional p a r t i c l e s  of other-  
wise irregular shape, m y  nf them too l a r g e  t o  produce saal l -angle  s c a t t e r i n g  in t h e  
access ib le  angular range. 

In t h e  absence of supplerrentary i n f o m a t i o n  regarding t h e  character  of the  
heterogenei ty  in azubs tance  that produces small-angle x-ray s c a t t e r ,  it is bes t  t o  
look upon & and 2 as giving t h e  approximate lizzear dimensions of t h e  s t r u c t u r a l  
e n t i t i e s  responsible for the small-angle s c a t t e r  instead of attempting a acre  concrete 
i n t e r p r e t a t i o n  in t e r n  of sphere or pore diameters. 
these  s c a t t e r i n g  e n t i t i e s  are of near ly  the same mean s i z e ,  and i n  addi t ion they a r e  
not  f a r  from spher ica l  ( a t  least equidimensional) i n  shape. 

coNcLusIoNs 

For a l l  f i v e  substances s tudied 

1. The fine s t r u c t u r e  of e lec t rode  binder p i tches  and t h e i r  cokes resembles 
that of carbon blacks. 
o r  graphi te - l ike  layers ,  which for t h e  most part are in turn aggregated i n t o  turbo- 
s t r a t i c  c r y s t a l l i t e s .  

2. Roughly one-third of t h e  carbon and minor cons t i tuent  elements are present 

Approximately two-thirds of the  carbon is present  as aronat ic ,  

as so-called disorganized mater ia l ,  a higher proportion than in carbon blacks. 

3. The p i tch  and coke c r y s t a l l i t e s  a r e  approximately equidimensional x i t h  
linear dimensions of 12-20 A. Coking of a p i t c h  a t  575" C. produces a s o m a t  greater  
increase in & than in L. 

4. The in te r layer  spacing i n  p i t c h  c r y s t a l l i t e s  shows considerable var ia t ion,  

5. A considerable port ion,  probably more than half, of the quinoline insoluble 

in c o n t r a s t  with those i n  cokes o r  carbon black, which are r a t h e r  uniform. 

f r a c t i o n s  examined is present  in the form of roughly spher ica l  p a r t i c l e s  with a mean 
diameter of the order of 500 A. 
dimensions of which cannot be measured by small-angle x-ray scat ter ing.  

The r e m i n d e r  i s  present  as muck l a r g e r  p r t i c l e s  t h e  

6. The small-angle s c a t t e r i n g  produced by p i tches  and t h e i r  quinoline soluble 
f r a c t i o n s  i s  weak, shoving that they  possess l i t t le  if any p a r t i c u l a t e  character.  

7. 575" C. cokes of p i tches  and the quinoline inso luble  f rac t ions  of pitches 
possess similar s p e c i f i c  surfaces  of t h e  order  of 40 m.2/g. 
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Figure 1. Comparison of t h e  wide-angle x-ray d i f f r ec t ion  p t t e r n s  of an electrode 
binder pitch, i t s  575" C. coke, quinoline soluble and insoluble f rac t ions  of  
a pitch,  and a t y p i c a l  carbon black 
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Figure 2. Eistograms comparing t h e  d is t r ibu t ions  i n  six pitches (Nos. 1-6),a beta' 

Estimated precision of S ' s  indicated by hatched histograms. 
r e s in  (No. 7) ,  and t h e i r  respective 575" C. cokes. 
broken l i nes  coked. 

Solid l i nes  uncoked, 



4 9 -  

Figure 3 .  Comparative (002) p ro f i l e s  of p i t ch  No. 3 ( s o l i d  line) and i t s  575" C. coke 
(broken l i n e ) .  

Figure 4. Schematic diagram of small-acgle s c a t t e r i n g  apparatus. 
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Figure 5. Plots of log101 versus log1$8 f o r  three e lec t rode  binder p i tches  (P), their 
575” C. cokes (C), quinoline insoluble f r a c t i o n s  (QI), and q u i n o l b e  soluble 
f r a c t i o n s  (QS). Nunbers on curves ind ica t e  magnitudes of t h e  negative slopes. 


